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Abstract

A straightforward procedure hdseen developed to
quickly determine an inviscidlesign of a hypersonic
wind tunnel nozzlevhenthe testgas is bothcalorically
and thermally imperfect. Thigalgas procedure divides
the nozzle intofour distinct parts:subsonic, throat to
conical, conical, and turning flowmegions. The design
process is greatly simplified Hyeating the imperfect gas
effects only in the source flow region. This
simplification can be justifiedfor a large class of
hypersonic windtunnel nozzledesign problems. The
final nozzledesign is obtainedither bydoing aclassical
boundary layer correction or by using this inviscid design
as the starting poinfor a viscous desigmptimization
based on computational fluid dynamics. &xample of a
real gasnozzledesign is used tdlustrate themethod.

The accuracy of the real gas design procedure is shown to

compare favorably with afdeal gas design based on
computed flow field solutions.

Nomenclature
C, = constant in Eq. (1)
C, = contraction coefficient
M = Mach number
r* = nozzle throat radius or height
R, = throat radius of curvaturs/
S =R+1
X = axial coordinate
X, = start of subsonic contour with Eq.(1)
y = radial coordinate
Ya = nozzle wall radial coordinate
Y, = nozzle wall slope

y = gamma, ratio of specific heats
6 = subsonic approach angle
= nozzle inflection angle

Introduction

A number of hypersonic wintunnel facilities have
required new windtunnel nozzles either taeplace
existing nozzles or to extend tifigcility capabilities into
new flight regimes. These changes have been driven in
part by the effort to develop a viable scramjet engine for
hypersonic vehicles anfbr access-to-space initiatives.
To simulate this type ofehicle and engine environment
at hypersonicvelocities requires stagnation conditions
wherethe testgastypically behavesoth ascalorically
and thermally imperfecthrough part of orthe entire

nozzle. The inviscid design of a supersonic (and
hypersonic) windtunnel nozzlefor a perfectgas was
originated by Busseman in the 1920s (as noteRleif 1)
and, in the opinion of the author, was fingtigrfected by
Sivell$ in the 1960s. Nosimilar progress haseen
made for real gas wintlinnel nozzledesign. Thigpaper
concentrates on an approximate inviscid nozidsign
process for a calorically and thermally imperfect test gas.

Supersonic Wind Tunnel Nozzle Design

Ideal Gas Design
The theoryused inthe design of supersonic wind

tunnel nozzles for aideal gascan befound in anumber
of reports$® and books?® The basi@assumptiormade is

that the boundary layer thickness is small compared to the

characteristic length (nozzladius), sothe nozzleflow
field can be treated as inviscitbr designing the
aerodynamiclines. Once the aerodynamic lines are
determined, a correction imade to accounfor the
displacement thickness of the boundary layer. bhsic
procedure hasbeen applied successfully to many
supersonic and hypersonic nozzles. cémputational
fluid dynamics (CFD) analysishouldthen be made to
validate the flow quality and th#esignMach number for
the nozzledesign. Ifthe desiredlow quality or Mach
number is not obtained, this failure usually metuas the
boundarylayer assumptiorwas invalid and a different
design method, whiclkdirectly includes theviscous
effects should be uséd.

Inflection

Segment G-A Source Flow

Centerl ine Mach Number, Segment I-C

Fig. 1 Wind tunnel nozzle flow regions.

The classical invisciddesign procedure requires the
position of the sonic line at thethroat, a prescribed
centerline Machhumber, and the condition of uniform
flow at the nozzle exi{Fig. 1). Sivell$ determined the
appropriate centerlindvlach number distribution that
would result in anozzle wallwith continuous wall slope
and curvature fronthe throat to thexit. The centerline
Mach number distribution fothe upstream and turning
sections is based on polynomial functidhat match the
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flow field solutions akachflow regionboundary. This
distribution results in a wall contour shape that is easier to
machine.

Once a centerline Machumber distribution habeen
specified,the classicatlesign procedures use an inverse
method-of-characteristics (MOC)lesign procedure to
determine an inviscidontour. Thignviscid contour can
then be scaled to any particutare. The design contour
for oneoperating condition is determined by computing
the displacementhickness by using a boundafstyer
(BL) code and adding it to the inviscintour. Modern
implementations of MOC-Bldesign procedureypically
differ in the way the sonic line and centerlineMach
number distributionsre specified and in theumerical
techniques used to compute the inviscid flow field and the
boundary layer solution.

RealGasDesign
Realgaseffects are important in theesign ofmany

hypersonic blow downand reflectedshock facilities.
Recent advances imind tunnel nozzledesign with CFD
codes coupled tooptimization techniqués or with
traditional MOC-BL design procedureare two options
for designing a nozzle. A CFD-based methothés more
accuratedesign procedure whethe boundarylayer is
extremely thick® However, forreflectedshock tunnels,
the run time is short enoughhat the nozzle walktays
cold, andthe boundarylayer is thinenoughthat accurate
designs can be obtainedwith the classic MOC-BL
approach. The CFD solutions forthe reflectedshock
nozzles are extremely time-consuming due to the fine grid
requirementsfor accurately simulating the thin nozzle
boundary layers.

At least two approaches have besed toincludereal
gas effects in anMOC design procedure. The first
approach is to include reajas behavior by using
tabulated thermodynamicproperties, assuming a
thermally perfect gal$. The second approach is to divide
the nozzle into flow regions, which include a source flow
region wherethe source flow iscomputed with a one-
dimensional reafjascode and is connected to a turning
contour computed with aMOC design procedure for a
calorically perfect or imperfegas**** Neither method
addresses high pressugffectsnor exploits acenterline
Mach number distribution which guarantees a nozzle wall
with continuous wallcurvature. Both designs methods
start with a source flow region at the nozzle throat.

A variation of the second approach is used to develop a
design procedurapplicable to a real tegfas with both
caloric and thermal imperfections thawould produce a
wall design with continuous watlurvature. The method
described in this paper differs from previous methods in
that theapproach follows Sivells’ design philosophy of
prescribing acenterline Machnumber distribution and
includes high pressureffects in the throategion. The
author has successfully used thiethod to design a
number of hypersonic windunnel nozzles at NASA
Langley Research Center and elsewhere.

2

Procedure for Real Gas Inviscid Hypersonic Nozzle
Design

The design procedure will be describadsuminghat
the nozzle will have an axisymmetrgeometry. The
process andhe computercodes developedtan also
handle two-dimensional nozzldesign. The inviscid
contour design is obtained by dividirtge nozzle into
four sections: (1) subsonic atittoat section, (2)throat
to conical section, (3) conical or source flow section, and
(4) turning contour downstream dffie conicalsection.
Five specific stepsare used to designthe complete
inviscid contour. For describinthe design method, we
will assume that the throatradius, throat radius of
curvature ratio, stagnation conditions, compressibility
factor, specific heats ratio (gamma), and gasiposition
are known. (Sometimes the exit diameter is given and the
throat radius needs to be determined.)

The first four steps will be completed with
coordinatesmadenondimensional by the throaadius.
The finaldesign is obtained by scalitige nozzledesign
to obtain the desired throat radius or exit radius.

The procedure will be explained and demonstrated
with various options in Sivells’ desigrode® for
designingthe inviscid contour of nozzlsections. In
addition, an approach for defining @enterline Mach
number distribution for use in a CFD-based design
process will also be described.

Once theinviscid design is completed, a Btode
(like Anderson’s)’ can beused tocorrect the nozzle for
the displacemerthickness, assuminwrbulentflow and
chemicaland vibrational equilibrium.The nozzledesign
can then be validatedith computed CFDsolutions by
usingthe procedure and treodes described bigorte *®
Typically the final nozzle contour length will be
determined by truncating the nozzlesign based on the
boundarylayer growth observed ithe CFDflow field
solutions or from facility length restrictions.

Fig. 2 Subsonic and transonic nozzle geometry.

Step 1: Subsonic-Throat Region

The geometry of @ontinuous curvature throat section
used in the design method is giverFig. 2. Toconnect
the subsonic side of the throat section to an entrance cone
or wedge,the subsonic contour waspecified by the
equatior®
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v,/ =Cli-exp(-(x/ ) /(2CR)] +1 @

where
C, = R tan’(6,) exp(1) 2

and the point of intersectiowith the entrance cone or
wedge is

X, I r* = =R tan(6, )/ exp(D). @3)
This subsonic contour hathe desirable qualities of
providing an exponential decay dfie curvature away
from the throat into a congor wedge) inlet and
approaching the throat similar to a contour described by a
circle.

Step2: RealGasGeometricAreaRatio
The second step is tetermine the reaasarea ratio

for the design conditions. A steady, quasi-one-
dimensionalfflow field solutionthat includesall real gas
effects is needed. This solution can be obtaineditbher
solving the steady-state equations directtyr a given
Mach numbef® or by using standard CFRchniques to
compute the steady-state one-dimensicodtion for an
expanding source flowntil the desiredxit condition is
obtained.

Once theone-dimensional solutiofor the area ratio
has been determinedthe geometric area ratifor the
nozzle must be computed. The curvature of the nozzle in
the throat region introduces a contraction effect due to the
curvature of thesonic line. Compared to a one-
dimensional calculation, the contraction effect reduces the
mass flow throughthe throat.  Sivells’ contraction
coefficient is computed bysing an expansion solution
for the transonicflow region’® For anaxisymmetric

8y - 2 75y2 757 y+3615

flow
E 28805 "'5(4)

—p-y*l

963
The geometric area ratio is calculated by multiplying the
one-dimensional area ratio and the contraction coefficient.

Step3: Throatto ConicalSectionDesgn
The third step is to determine the contour design from

the throat to the beginning of tlo@nical sectionusing
Sivells’ MOC design code. The necessary input
parameters define the centerline Mach number distribution
for the MOC design. The input parameters are defined by
the ratio of theradius of curvature tthe throatradius,
expansion angle,ratio of specific heats, and by
specifying the Mach numbers at points B and Eim 1.

To facilitate the finalstep, weselectSivells’ option for
including points along the source flow section and choose
the axial coordinate to bmeasured fronmthe upstream
source for the radial flow regionThe gamma is selected
to be the approximate valuer the transonic region
(Mach =1.0 to 1.3)and the throatadius is specified to

be unity. For mospases,the temperature change is
limited in this range, resulting in only minor variations of
gamma.

3

Step4: Turning ContourDesign

The nextstep is to desigthe contourdownstream of
the conical section bysing Sivells’codefor the gamma
at or near thelesignMach number. The sameénputs to
Sivells’ codeare usedexcept that the gamma is changed
and the nozzlexit diameter is specified to achieve the
geometric area ratio obtained in step 2.

Step5: Assemblingthe Inviscid NozzleDesign

The final step of the inviscid design is to assemble the
pieces. First the throat-to-endtbe conical sectiofstep
3) is combined wittthe turning contoudesign (step 4).
Usually a portion of the conical section obtained from the
throat-to-conical section design overlapise turning
contour design. The overlap portion is remoaigihtly
reducing the size of the coniciidw region obtained in
step 3. Nextthe origin of theaxial coordinates is
transformed fronthe origin of thesource tothe nozzle
throat. Nowthe subsonic-throat region (step &&n be
added directly to theest ofthe design. The final design
coordinates are obtained by scaling both coordinates by a
common factor to obtain either the desired throaeatr
radius.

Limits of DesignProcedure

The above procedureassumes that the design
parameters selectddr the nozzle will result in @onical
(source) flow region. Thisan usually be accomplished
by selecting the appropriagxpansion angle. the first
choice of expansion angleesults in anozzle design
without a conical section, the expansion anglean be
lowered until a reasonable design is obtained. Typically,
this problem occurs only iHow supersonic nozzle
designs.This procedure also assumdémt the gamma
will increase (or stay constant) as the flow expands.

CenterlineMachNumberDistributionfor Use with CFD-
BasedDesignCodesor RealGasMOC DesignCodes

The above procedurevas illustrated with the
assumption that Sivells’ computer code was being used to
design the different supersonic parts othe nozzle
contour. There are dew applications where geal gas
MOC design code or a CFD-based design procedure must
be usedecause of either rapidly varyirgamma effects
in the turning region or the Bkize. AcenterlineMach
number distribution needs to be prescritmther as a
boundary condition or apart of the objectivdunction.
A centerline Machnumber distribution for use in the
designcan be determined hysing asimilar approach as
Sivells.

The advantage of Sivellsenterline distribution ishat
it smoothly matchesthe different flow regions,
eliminating discontinuities incontour curvature. In
Sivells' methodthe centerline distributioronsisted of
four sections: (1) a fourth-ordgrolynomial connecting
the transonic section and theurce flow regime, (2) the
source flow region, (3) a fifth-orderpolynomial
connecting thesource flow region anthe uniformflow
regime, and (4Yhe uniform flow region atthe design
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Mach number. The coefficients of the polynomials are
determined by matching th&ach number or axial
velocity and its derivatives, with respect to noZelegth,
at the beginning and end of eagdrction. Sivellderived
for the idealgas equationthe Machnumber derivatives
with respect tadhe area ratidor the source flowregion
and the nozzle sonic line. Foreal gas,the coefficients
of the polynomials and the source flow regimeed to be
computed with a real gas model.

The necessarydata for the source flow and the
polynomial coefficients can easily be computgth two
different CFD flow field solutions. The first CFD
solution is for a two-dimensional (@xisymmetric)flow
field in the subsonic-transonic region tife nozzle. The
subsonic contour is defined by Eq. (1) and the supersonic

For the flow conditionsgiven in Table 1, theone-
dimensional realgas area ratio is computed to be
2396.87. Ifonly caloric imperfections areonsidered,
then the area ratio is computed to3232.44. The ratio
of specific heatsyj for an ideal gas needed to obtain
Mach 14and anarea ratio 02396.87 is 1.4073. |If the
test gas is air and it is treated as an ideal gas, theagi®a
for Mach 14 withy =1.4 is 2686. The nonideal effects of
the high pressure (othe thermal equation of state) and
the high temperaturgon the caloric equation of state)
offset each other so that the reghsarea ratio isonly
10.8% lower than the ideal gas area ratioyferl.4.

Table 1. Nozzle design conditions and parameters

side can be described using any expansiahpreserves

continuity at the throat wall inradius, slope, and

curvature. Becaushe inviscidsupersonic flowfield is
hyperbolic,the supersonic flowfield does notaffect the

solution at the sonic line. The throat contraction

coefficient and the derivatives dfach number andaxial

velocity at the throat can then easily be computed from the

flow field solution. Thispart of the procedure is already

being used inthe design method described by Korte et

al™ The second solution needed fer a quasi-one-

dimensional flow field to obtain th®lach number and its

Total pressure 20,000 psi
Total temperature 3,000°R
Gas composition Nitrogen
Stagnation compressibility factor 1.31205
Exit Mach number 14.0
Subsonic approach angle 45°
Ratio radius-of-curvature/throat radiys 3.0
Supersonic (source flow) angle 12.0°
Throat radius 1.0
Geometry Axisymmetric

derivatives with respect tnozzle areaatio. This flow
field solution is also needed to define tirea ratio of the
nozzle, as described in the section abovefutére paper

Table 2. Area ratios and ratio of specific heats

will present resultfor an optimized nozzledesign that

uses CFD-based techniques with an objective function for
the centerline Mach number as defined in this paragraph.

Application and Accuracy of the Design Procedure

Case Gas model Mach y Area ratio
1 Real gas 1.0 1.3180
“ “ 1.3 1.3234
“ “ 14.0 1.4000 2396.87*
2 Idealgas 14.0 1.4073 2396.87

An example of the nozzlelesign processwill be
given in thissection,along with computed inviscid CFD
flow fields tovalidate thedesign process. Twnozzles
will be designed, analyzed, andomparedfor flow
quality. The nozzles will bedesigned withthe same
parameters except that tretios of specific heats will be
different to account for different gas assumptions.

One nozzle will be designed for @eal gas by using
Sivells’ design code with gamma computed to give the

*For conditions given in Table 1.

Two nozzles were designefbr the specifications
given in Tables 1 and 2. The indot Sivells’ code for
each case is given in the appendix Table Al. The real gas
area ratio is computed with a real gas equation of state for
nitrogen. The ideal gas nozzle design is only for
comparingflow quality with that of the reabas design.
The subsonic contour identicalfor both nozzledesigns

design Mach number at the same area ratio as the real gagappendix, Table A2).The supersonic contours for both
design. The other case will use the real gas procedure for ng-7les are given in appendix Table A3.

a caloricallyand thermally imperfecgas. The same
parameters will beised for defininghe centerlineMach

number distribution, except for the ratio of specifeats.
Theflow quality of the nozzlelesignswill be evaluated
based on the CFD inviscid simulations.

Nozzle Design
To demonstrate thgrocedure, wewill design a

nozzlefor an exit Mach number of14, with stagnation

conditionsthat have significant reajas effects. These

specifications are madeased onthe availability of a

validated reabasequation of statéor high pressure and
temperature nitrogen from previous wotk.

4

CED Analysis of Nozzle Design

A CFD flow field solution for each nozzle was
computed byusing the methods given iRRefs. 11 and
18. Both the designs andhe CFD analyses used the
same equation dftate. The throat regiomvas computed
by solving the unsteady Eulerequations. The throat
numerical grid was 8% 75 points in the axial and normal
directions, respectively.The centerlinesolution for the
throat started at approximateMach 0.2 and ended at
approximately Mach 1.8. The downstream portion of the
nozzle was computed by solvingthe steady Euler
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equations with a space marching method and was
computed in approximately 1000 marching steps.

The computed centerlinklach number distributions
for the whole nozzle in each case are compared in Fig. 3.

Real Gas Design (Case 1)

Ideal Gas Design (Case 2)

15—

Flow Angle (°)
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= Ideal Gas Design (Case 2) T T — T 1
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0 Nozzle Height
T T T 1
0 250 500 750 1000 Fig. 6 Comparison of exit flow angle profile for real and
Nozzle Length ideal gas nozzle designs.
Fig. 3 Comparison of computectenterline Mach The exit Machnumber profilesare given inFig. 5, and
number distributions forreal and ideal gas nozzle the angleprofiles are given inFig. 6. The flow is
designs. essentially uniform at botmozzle exits because the

magnitude of thdlow angles is so small. The Mach
number profile at the exit varies approximately OMich
acrossthe nozzleheight. The computed exitMach
numbers for botmozzles were slightly higher than the
Mach 14 design point:Mach 14.04 for the ideal gas
design andMach 14.02 forthe realgas design. This
minor variation fromthe design point is moslikely due

At this scale therare no differences in thisvo designs,
and both appear to generate idheal uniform core region
at Mach14. Focusing in orthe uniform core region in
Fig. 4 shows slighMach number variations on therder

of 0.02 Mach for each case.

14.10 to the differences in the transomgpansion solution for
the nozzle throatised inthe design. Mach contours for
14.05 the realgasnozzledesign shown ifrig. 7 showonly a
3 0.01 Mach number variation in the uniform core region.
£ :
3 14.00¢ . -
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Fig. 4 Comparison of computedenterline Mach -10

number distributions foreal and ideal gas nozzle 20

designs in uniform core region. 0

14.06—+ 40
Real Gas Design (Case 1) L
. 250 500 750
14.05+ ... Ideal Gas Design (Case 2) - Distance from the throat, (x/r*)
é 14.04-+ Fig. 7 ComputedMach contours for areal gas nozzle
E N design.
=z
= 14.03+
(8] . . . .
S - In both designs,minor variations fromhe Mach 14
14.02— design pointareobserved. Howeverthe variations are
[ similar and aremost likely characteristic of Sivells’
14.01 ' ' ' ' 1 design processpot of the real gas design procedure
0 10 20 30 40 50 :
presentedhbove. In factthe computedsolution for the
Nozzle Height real gas nozzle has flow quality alma#ntical to that of
Fig. 5 Comparison of exit Mach number profile for real ~ the computed ideajasnozzledesign. Variations of this
and ideal gas nozzle designs. real gas design procedurkave beenused to design
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nozzles at
results®?!

Langley and elsewhere witkxcellent

Summary

A simple, straightforwardmethod for the inviscid
design of areal gasnozzlefor hypersonicfacilities has
beenproposed. The design is demonstratddr real gas
conditions with significantcalorically and thermally
imperfecteffects. Anideal gasnozzle isalso designed
for the samarea raticand Mach number for comparison
of flow quality. CFD flowfield solutionsare computed
for eachnozzle, andhe flow field qualities in terms of
Mach number variation andlow angle arecompared.
The nozzledesignshave nearly identical computeibw
quality. Thismethod is easy tase and isextremely
accuratewhen the real gas effects occur before the
beginning of the turning contour design.

References

'Anderson, J. D.Modern Compressibl&low, 1sted.,
McGraw-Hill, New York, 1982, pp. 303-305.

*Sivells, J.C., "Aerodynamic Design of Axisymmetric
Hypersonic Wind Tunnel Nozzles]burnal of Spacecraft
and RocketsVol. 7, Nov. 1970, pp. 1292-1299.

SArmstrong, A. H., and Smith, M. G., "Two-
Dimensional Supersonic NozZlzesign, Part ITheory,"
Armament Research Establishment, Repdb. 5/51,
Oct. 1951.

“Ruptash, J., "Supersonic Wind Tunnels-The®gsign
and Performance,” University dforonto, Institute of
Aerophysics, June 1952.

®*Beckwith, I. E., and Moore, JA., "An Accurate and
Rapid Methodfor the Design ofSupersonic Nozzles,"
NACA TN 3322, Feb. 1955.

®Johnson, C. B., "Real-Gas Effects on Hypersonic

Nozzle ContoursWith a Method ofCalculation,” NASA
TN D-1622, 1963.

"Lukasiewicz, J.Experimental Methods dflypersonics,
Gasdynamics, Vol. Rart |, Dekker, New York,1973,
pp. 80-86.

8Zucrow, M. J., and Hoffman, J. D.,Gas Dynamics
Volume 2:MultidimensionalFlow, JohnWiley & Sons,
Inc., New York, 1977.

°Shapiro, A. H.,The Dynamicsind Thermodynamics of
Compressible FluidFlow, Vol. 1, The RonaldPress
Company, New York, 1953.

%Korte, J. J., and Hodge, J. S.,"Flow Quality of

Hypersonic Wind-Tunnel NozzlesDesigned Using

Computational Fluid Dynamics,Journal of Spacecraft
and RocketsVol. 32, No. 4, 1995, pp. 569-580.

Korte, J.J., Kumar, A., Singh, D.J., and White, J.
A., “CAN-DQO, CFD-BasedAerodynamidN ozzleDesign

& Optimization Program for Supersonic/Hypersonic

Wind Tunnels,” AIAA Paper 92-4009, July 1992.
2Johnson, C. B.and Boney, L. R., “AMethod for
Calculating a Real-Gas Two-Dimensional
3243, 1975.

3Jacobs, P. A.,and Stalker, R.J., “Design of
Axisymmetric Nozzlesfor Reflected Shock Tunnels,”

Nozzle
Contour Including the Effects of Gamma,” NASA TM X-

Department of MechanicaEngineering, University of
Queensland, Australia, Report 1/89, 1988.

“Hannemann, K., “Design of an Axisymmetric,
Contoured Nozzle for the HEG,” Institut fltheoretische
Strémungsmechanik,DLR Report DLR-FB 90-04,
Gottingen, Germany, 1990.

5Chadwick, K. M., Holden, MS., Korte, J.J., and
Anderson, EC., “Design and Fabrication of &ach 8
Contoured Nozzldor the LENS Facility,” AIAA Paper
96-0585, Jan. 1996.

%Sivells, J. C., “A Computer Program for the
Aerodynamic Design of Axisymmetric and Planar
Nozzles for Supersonic and HypersoWnd Tunnels,”
AEDC-TR-78-63, Dec. 1978.

Y"Anderson, E.C., and Lewis, C. H., “Laminar or
Turbulent Boundary-LayeFlows of Perfect Gases or
Reacting Gas Mixtures i@hemicalEquilibrium,” NASA
CR-1893, Oct. 1971.

8 orte, J. J., Hedlund, E., and Anandakrishriau, “A
Comparison ofExperimentalData With CFD For The
NSWC Hypervelocity Wind Tunnel #9Mach 14
Nozzle,” AIAA Paper 92-4010, July 1992.

9Beckwith, I. E., personal communication, 1990.

Eggers, A.J., Jr., “One-DimensionalFlows of an
Imperfect Diatomic Gas,” NACA Rep. 959, 1950.

AGaffney, R. L.Jr., “CFD Calculations of theAHSTF
Mach 6Nozzle,” to be published a&nalytical Services
and Materials Report, Hampton, VA.

American Institute of Aeronautics and Astronautics



Appendix

Table Al. Input data for Sivells’ design code*

Case 1: Real gas design, upstream section-supersonic.
12345678901234567890123456789012345678901234567890123456789012345678901234567890
R Gasl1 O

1.323 1716.563 1.000 .8960.227E-07 .000 .000 1000.000

12.000 3.000 .000 11.200 14.000 .00000 -1.000 10.000

41 21 0 10 1 41 49 61 32 0 -1 -1 10 0 -21 13
Case 1: Real gas design, downstream section-supersonic.
R Gasl1 O

1400 1716.563 1.000 .8960.227E-07 .000 .000 1000.000

12.000 3.000 .000 11.200 14.000-48.91131 -1.000 10.000

41 21 0 10 -1 41 49 61 32 0 -1 -1 10 0 -21 13

Case 2: Ideal gas design, supersonic contour.
I-Gas2 O
14073 1716563 1.000 .896 0.227E-07 .000 .000 1000.000
12,000 3.000 .000 11.200 14.000 .00000 .000 10.000
41 21 0 10 0 41 49 61 32 0 -1 0 10 0-21 13
*input data for running inviscid design only.

Table A2. Subsonic contour

X Yy Yo
-4.9462 4.2087 -1.0000
4.8472 4.1098 -0.9996
-4.7483 4.0109 -0.9984
-4.6494 39123 -0.9963
-4.5505 38138 09934
44515 3.7158 -0.9897
-4.3526 36181 09851
-4.2537 35209 0.979%
41548 34243 09732
-4.0559 33284 -0.9659
-3.9569 32332 09578
-3.8580 3.1389 0.9487
-3.7591 30455 09387
-3.6602 29532 09278
-35612 2.8620 09160
-34623 2.7720 -0.9033
-33634 26833 08897
-3.2645 2590 038752
-3.1655 25102 -0.8598
-3.0666 24259 -0.8435
-2.9677 23433 -0.8263
-2.8688 22625 -0.8082
-2.7699 21835 -0.7893
-2.6709 2.1064 -0.7695
25720 20313 -0.7489
24731 1.9582 0.7275
-2.3742 1.8873 -0.7053
-2.2752 1.8187 -0.6823
21763 1.7524 -0.6585
20774 1.6885 -0.6340
-1.9785 1.6270 -0.6088
-1.8795 1.5680 -0.5829
-1.7806 15117 -0.5563
-1.6817 14580 05291
-1.5828 14070 05013
-1.4838 1.3588 04729
-1.3849 1.3135 04439
-1.2860 12710 04144
-1.1871 1.2315 0.3845
-1.0882 1.1950 0.3540
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